of the current trial were to establish the lowest optimal dose and to conWrm the safety of the induction of antibodies against polySA with the NP-polySA vaccine. Experimental design Patients with SCLC who completed initial treatment and had no evidence of disease progression were injected with either 10 or 3 g of NP-polySA conjugated to KLH and mixed with 100 g of immunologic adjuvant (QS-21) at weeks 1, 2, 3, 4, 8, and 16 . Results Nine patients were enrolled at each of the two dose levels. Prior to vaccination, one patient in each group had low-titer antibodies against polysialic acid. All patients at the 10 g vaccine dose level responded to vaccination with IgM antibody titers against polysialic acid (median titer 1/1,280 by ELISA), and all but one patient made IgM and IgG antibodies against the artiWcial vaccine immunogen, NP-polysialic acid (median titer 1/10,240). The antibody responses at the 3 g vaccine dose level were lower; six of nine patients developed antibodies against polysialic acid (median titer 1/160). Post-vaccination sera from 6/9 and 3/9 patients in the 10 and 3 g groups reacted strongly with human SCLC cells by Xuorescent-activated cell sorting (FACS). Sera from all patients in the 10 g dose group also had bactericidal activity against group B meningococci with rabbit complement. Self-limited grade 3 ataxia of unclear etiology was seen in 1 of 18 patients. Conclusions Vaccination with NP-polySA-KLH resulted in consistent high-titer antibody responses, with the 10 g dose signiWcantly more immunogenic than the 3 g dose. This study establishes the lowest optimally immunogenic dose of NP-polysialic acid in this NP-polysialic acid-KLH conjugate vaccine to be at least 10 g, and it establishes the vaccine's safety. We plan to incorporate NP-polySA into a polyvalent vaccine against SCLC with four glycolipid antigens also widely expressed in SCLC-GD2, GD3, fucosylated GM1, and globo H.
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Introduction
Polysialic acid (PolySA) is a polymer of negatively charged sialic acid residues, which, in vertebrate embryonic neural tissue, is linked to the 5th immunoglobulin domain of the neural cell adhesion molecule (NCAM) [1, 2] . The large size and negative charge of this carbohydrate side-chain modulates cell-cell interactions at least in part by impeding NCAM binding [3] . As such, the varying levels of polySA expression play a role in controlling neural cell migration and diVerentiation in developing embryonal neural tissues and in adult brains in regions of neural plasticity [1, 4] . PolySA is also a component of the cell wall of group B meningococci [1] , and several groups have identiWed high rates of polySA expression on nearly all human small cell lung cancers (SCLC) [5] [6] [7] . In these studies, monoclonal antibodies to the extended embryonic form of polySA were used for immunohistochemical staining. SCLC more frequently expresses polySA than other low-grade neuroendocrine tumors such as carcinoids, leading to the hypothesis that the inhibitory eVect of polySA on cell adhesion contributes to the propensity for early metastases and the clinically aggressive nature of SCLC [5, 6] . Data from various animal tumor models support this idea. In a rat transplantable pituitary model, polySA-NCAM expression correlated with tumor invasiveness, metastases, and growth rate [8] . In nude mice injected intraperitoneally with human rhabdomyosarcoma TE671 cells, cleavage of polySA by endoneuraminidase delayed the formation of ascites and decreased the number of lung and liver metastases [9] .
The restricted expression of polySA in normal human tissues, in contrast to the abundant expression in SCLC, suggests that polySA may be a rational, highly speciWc target for immunologically directed therapy [7] . The challenge with this approach is to overcome immunologic tolerance which is likely due to the transient expression of polySA in embryonal neural tissue and the limited expression in adult brain tissues. Chemical modiWcation of polySA by N-propionylation augments the antibody response to meningococcal group B polysaccharide in mice [10] . In a prior clinical trial, we showed that this modiWcation also boosts immunologic responses in humans [11] . Patients with SCLC who had completed Wrst-line chemotherapy were vaccinated with either polySA or NP-polySA. Congruent with several other vaccine studies we have conducted [12, 13] , both sialic acid preparations were conjugated to keyhole limpet hemocyanin (KLH) and administered with a saponin adjuvant, QS-21. All patients were treated at a dose of 30 g. Native polySA conjugated to KLH did not induce any signiWcant immune responses, but all six patients treated with 30 g of NP-polySA-KLH developed high-titer antibodies. While complement-dependent cytotoxicity of polySApositive tumor cells could not be demonstrated, the sera induced bactericidal activity against group B meningococcus in all but one case.
We now seek to expand our experience with the NPpolySA vaccine. Previously, toxicity was primarily limited to injection site reactions, though grade 2 or greater peripheral neuropathy was observed in 4 of 13 patients. We could not determine deWnitively whether these neurologic complaints were due to the vaccine-induced antibody responses against polysialic acid or to other treatment or diseaserelated causes. This current study was launched to better assess the immunogenicity of lower doses and to carefully monitor potential neurologic eVects of the induced antibodies.
Patients and methods
Patient selection
We enrolled adults with SCLC, limited or extensive stage, who had completed their initial therapy with chemotherapy (and radiation if needed) at least four, but not more than 12 weeks previously. Patients needed to have a Karnofsky performance status of 70% or greater. Patients must not have had peripheral sensory neuropathy greater than grade 1. Required hematologic and biochemical parameters included a total white blood count¸3,000/ l, a total lymphocyte count¸500/ l, SGOT level · 1.5 £ upper limit of normal, serum bilirubin · 1.5 mg/dl, and serum alkaline phosphatase level · 1.5 £ upper limit of normal. Patients with known immune deWciency or autoimmune disease, prior splenectomy or splenic radiation, or patients on oral corticosteroids were excluded. Pregnant or lactating women, patients with active infections, or patients with unstable medical illnesses were also excluded. This protocol was reviewed by the Memorial Sloan-Kettering Institutional Review Board. Written informed consent was obtained.
Within 2 weeks of starting treatment, all patients underwent a history and physical examination, complete blood count, biochemical proWle, and amylase. A CT scan of the chest within 4 weeks of starting treatment was required to document ongoing partial or complete response to initial therapy. In order to more carefully monitor for potential neurologic toxicities, a baseline neurologic examination including assessment of sensation and coordination was performed by a neurologist (LA), and a contrast-enhanced CT or MRI of the brain was obtained before vaccination.
Vaccine preparation
Propionylation of polysialic acid
Polysialic acid (polySA) of Escherichia coli origin (colominic acid), keyhole limpet hemocyanin (KLH), and sodium cyanoborohydride were obtained from Sigma Chemical Co., (St. Louis, MO). PolySA was further puriWed over a size exclusion column to yield high molecular weight polySA of approximately 10,000 before propionylation and coupling with KLH. For the preparation of propionylated polySA, polySA was Wrst deacetylated by treatment with 2 M NaOH at 107°C for 6 h. It was then mixed with sodium bicarbonate solution and propionic anhydride and incubated at room temperature for approximately 12 h, dialyzed, and lyophilized as previously described [10] . Replacement of CH3-CO-HN-acetyl groups with CH3-CH2-CO-NH-propionyl groups was conWrmed by NMR (data not shown).
NP-polySA-KLH conjugation
NP-polySA-KLH conjugates were prepared as described by Jennings et al. [10] . The conjugation procedure cleaved the vicinyl hydroxyl group of the terminal sialic acid of the polySA by periodate. The periodate method involved reaction with meta-periodate of the vicinyl hydroxyl group in polySA resulting in the formation of an aldehyde at the end of each polySA chain. The aldehyde was then made to react with the free N-terminal amino group and to -amino groups on lysine of KLH by reductive amination in the presence of sodium cyanoborohydride. The linkage was stabilized by treatment with sodium cyanoborohydride, and the conjugate was washed extensively with normal saline and an Amicon Centriprep 30 unit concentration. Protein and sialic acid content were determined. The ratio of NPpolySA molecules conjugated to each KLH molecule was 80/1.
Immunization
Patients were vaccinated with either 10 or 3 g of NPpolySA-KLH conjugate plus 100 g of immunologic adjuvant QS-21 (Antigenics, New York, NY) [14] at weeks 1, 2, 3, 4, 8, and 16. Serum samples for immunologic studies were obtained at weeks 1, 2, 3, 4, 6, 8, 10, 16, and 18 and stored at ¡70°C until analysis.
Serologic assays
ELISA: IgM and IgG antibody titers were measured by ELISA as described previously [15] . BrieXy, 96-well Xat-bottomed plates (Nunc, Rochester, New York) were precoated with polySA-HSA or NP-polySA-HSA at 0.1 g per well in carbonate buVer, or carbonate buVer alone. Serially diluted sera in 1% human serum albumin (HSA) were added along with sera from patients with known speciWc high-titer antibodies or no antibodies, which served as positive and negative controls, respectively. Goat anti-human IgG and goat anti-human IgM conjugated with alkaline phosphatase were purchased from KPL (Gaithersburg, MD) and were used to complete the assay. Plates were read at 10-15 min for IgG and IgM on an ELISA plate reader (Bio-Rad model 550 Microplate Reader) at 405 nm. Optical density (OD) for the carbonate buVer alone wells was subtracted at each serum dilution from the corresponding antigen wells to obtain the corrected OD. The titer was deWned as the highest dilution yielding a corrected OD ¸0.1. For inhibition experiments, 0.1 ml of sera at the indicated dilutions (see Table 3 ) was preincubated for 1 h at 37°C with the indicated quantities of Sigma polySA, and the inhibited sera (plus inhibiting antigen) were then added to ELISA plates as described above. Percent inhibition was calculated as uninhibited OD minus inhibited OD divided by uninhibited OD X 100.
Flow cytometric analysis: Human small cell lung cancer cell lines N417 and DMS-79 were purchased from ATCC. Goat anti-human IgM-Xuorescein-isothiocyanate (FITC) and goat anti-human IgM-FITC were obtained from Southern Biotechnology Associates Inc., (Birmingham, AL). Fluorescent-activated cell sorting was performed as previously described [16] Table 3 ) was preincubated for 1 h at 37°C with 50 mcg of Sigma polySA, and the inhibited sera were then added to cells as described above. Percent inhibition was calculated as 100 minus inhibited post-treatment MFI minus pretreatment MFI divided by uninhibited posttreatment MFI minus pretreatment MFI multiplied by 100.
Bactericidal assays
The determination of the bactericidal activity of serum samples against group B meningococcus using rabbit and human complement was performed as previously described [17] . Bacteria were incubated with diluted sera and complement in a 1-h assay and the number of colony-forming units was counted after overnight incubation. Percent killing was calculated relative to medium alone wells.
Statistical considerations
The primary goal of the study was to establish the lowest eVective dose of N-propionylated polysialic acid capable of safely inducing maximal antibody production. Three dose levels were planned: 10, 3, and 1 g. Using a dose de-escalation scheme, we attempted to maintain acceptable immunologic response, while reducing the risk of toxicity and expanding the ability to manufacture larger amounts of vaccine. The 1 g dose was not pursued after the antibody titers in the 3 g cohort were assessed and found to be less than at the other two doses.
A signiWcant immune response was deWned as (1) an antibody titer of ¸1:80 by ELISA against polysialic acid for patients with no detectable baseline titer; (2) an ELISA titer ¸eightfold increase over baseline for patients with a detectable baseline titer, or (3) by FACS a tripling of the percent positive cells with at least a 50% increase in mean Xuorescent intensity (MFI). The frequency of positive responses was compared using the chi-square test [18] .
Nine patients were planned for enrollment at each dose level [19] . Overall survival was estimated using KaplanMeier analysis.
Results
Twenty-two patients were enrolled. Three patients were ineligible due to disease progression, and one patient was ineligible due to grade 2-3 sensory neuropathy identiWed on the baseline examination by the neurologist. Eighteen patients were therefore treated with the vaccine, nine patients at each of the two doses. Their clinical characteristics are speciWed in Table 1 .
Immunologic response Table 2 and Fig. 1 display the antibody titers against the artiWcial immunogen NP-polySA and the natural SCLC antigen polySA observed for each patient. All patients at both dose levels rapidly mounted IgM antibodies to NPpolySA. High IgM antibody titers were observed by the third week and were then sustained at a relatively constant level for the duration of the study. IgG antibodies to NPpolySA at both dose levels rose more slowly and were of lower titer. IgM antibodies that cross-reacted with native polySA were observed in 5/9 and 9/9 patients at the 3 and 10 g doses, respectively, and the median titers were lower at the 3 g dose as well (1/160 vs. 1/1,280). As expected, these were at lower titers than those seen against the NPpolySA (median titers 1/10,240). Some decline in IgM antibody titers to native polySA was generally detected by week 8. No patients developed detectable IgG antibodies that cross-reacted with native polySA. The responses against polySA in patients vaccinated at the 10 g dose were comparable to the responses demonstrated in our previous study with patients vaccinated at the 30 g dose level (Table 2) .
Using FACS to measure binding to DMS-79 cells, immune responses capable of reacting with polySA expressed on these cell lines were conWrmed in 6/9 patients vaccinated at the 10 mcg dose level (see Fig. 2 ) and in 3/9 patients at the 3 g dose level. Culture of these target cells in medium containing human serum instead of FCS had no signiWcant impact on the cell surface reactivity (data not shown). Results for the patients vaccinated here with the 3 and 10 mcg doses were compared to the results in our previous trial with the 30 mcg dose where sera from 5 of 6 patients reacted with SCLC cells (see Table 2 ). Cell surface reactivity was demonstrated in 3 of 9, 6 of 9, and 5 of 6 patients at the 3, 10, and 30 g doses, respectively. Again, responses in patients vaccinated at the 10 g dose were comparable to the responses demonstrated in our previous study with patients vaccinated at the 30 g dose level, and sera from the 30 g dose patients demonstrating signiWcantly more cell surface reactivity than sera from the 3 g dose patients (P = 0.02). The speciWcity for polysialic acid of sera from the six patients vaccinated at the 10 g dose level demonstrating strong cell surface reactivity was conWrmed by inhibition studies. As summarized in Table 3 , ELISA reactivity against polysialic acid was almost completely inhibited by preincubation with E. coli colominic. FACS reactivity for 5 of the 6 patients against N417 and/or DMS79 cells was decreased by >70% by preincubating sera with colominic acid. Also, post-vaccination sera, but not prevaccination sera, from 9/9 patients vaccinated with 10 g NP-polySA were bactericidal against group B meningococcus in the presence of rabbit complement (Table 4) .
Toxicity
Toxicities are exhibited in Table 5 . The most common side eVect was grade 1 injection site reaction. One patient (patient 4 at the 10 g dose level) treated with etoposide, cisplatin, and concurrent thoracic radiation followed by prophylactic cranial irradiation experienced grade 2 sensory neuropathy and grade 3 ataxia after vaccination. She was extensively evaluated by a neurologist. Gadoliniumenhanced MRI of the brain was unremarkable. Lumbar puncture showed no evidence of infection, and cytology was negative. Because of these symptoms, she was discontinued from the study after the fourth vaccination. Her symptoms ultimately resolved spontaneously, and she remains asymptomatic and free of SCLC or neurologic symptoms 4 years later. One patient with limited stage SCLC developed radiation pneumonitis after two vaccinations and was taken oV study because of the need to treat her with corticosteroids.
Survival
Survival was not a primary endpoint; however, we reviewed these data to look for a signal of eYcacy. Table 6 shows the time to progression, the site of progression, and the survival time from the Wrst vaccination. Immune titers are shown alongside these data. Four patients are still alive, all of whom had limited stage disease at the time of diagnosis. The survival data from this study (IRB Protocol # 02-097) were combined with those from the prior study (IRB Protocol # 98-065) in which patients were treated with the same vaccine but at a dose of 30 g. One-and two-year survival rates and median survival times were calculated as measured from the start of NP-polySA immunization ( Table 7 ). The inclusion of both limited and extensive stage patients in these trials confounds the results. The median survival of 22.9 months is encouraging though this was a small sample of selected patients.
Discussion
Although SCLC is initially responsive to chemotherapy, even to the point of complete radiologic regression in some cases, proliferation of residual chemoresistant tumor cells often results in rapid disease recurrence. Thus far, all agents administered with the hopes of controlling lethal residual disease have failed. This includes the anti-idiotype vaccine, BEC-2 (administered with BCG adjuvant) targeting GD3 ganglioside, which was tested in a randomized trial as maintenance therapy in patients with limited stage SCLC, but yielded limited antibody responses against GD3 and no improvement in survival or progression-free survival [20] . Despite the lack of beneWt seen in that phase III trial, the interest in developing immunologic therapies in SCLC remains. We have pursued immunologic strategies against other carbohydrate antigens known to have restricted expression in SCLC such as polysialic acid. In this study, we further elucidate the safety and immunogenicity of the NP-polySA vaccine with a goal of selecting the lowest vaccine dose that safely induces the highest-titer antibody response against polysialic acid.
Our Wrst goal was to determine whether a polysialic acid vaccine could be administered safely. This concern is based on the known expression of polysialic acid on neurons and neuronal precursor cells in the central nervous system and other locations such that induction of antibodies against polysialic acid might result in evidence of neurologic or other autoimmunity. We have previously described a study in which groups of six patients were immunized with either polySA-KLH or NP-polySA-KLH at an antigen dose of 30 g in each case [11] . Three out of seven patients in the polySA-KLH group experienced grade 2 sensory peripheral neuropathy. All patients had previously received cisplatin, and two had received whole brain radiation. The fact that only one of these seven patients receiving the polySA-KLH vaccine with NP-polySA-KLH at the 3 or 10 g dose levels. Arrows indicate the time of vaccinations. The 10 g dose is signiWcantly more immunogenic than the 3 g dose developed any detectable antibody response against polySA, and this patient remained asymptomatic, suggested that these symptoms were not a consequence of antibody-induced autoimmunity. One out of six patients in the NP-polySA-KLH group developed numbness and weakness in her lower extremities that left her wheelchair bound. It was ultimately determined that she developed radiation myelitis resulting from thoracic radiation at the same site as thymic radiation she had received as a child. It was, however, impossible to determine deWnitively whether the vaccine contributed to any of these symptoms. Of the 18 patients vaccinated with the NP-poly SA-KLH vaccine in the study described here, 14 produced antibodies against polySA and only one patient developed evidence of neurologic toxicity, grade 2 sensory neuropathy, and grade 3 ataxia after vaccination (patient 4 at the 10 g dose level). Once again it was diYcult to exclude the possibility that this was vaccine induced; however, her extensive previous treatment with etoposide, cisplatin, concurrent thoracic radiation, and prophylactic cranial radiation suggests that this could have been a consequence of previous therapy. In any case, her signs and symptoms resolved spontaneously, and the patient remains well and asymptomatic now 4 years later.
The second goal of this study was to conWrm the immunogenicity of the NP-polySA-KLH vaccine and to select a dose for future trials. All patients produced a high-titer IgM antibody response against the artiWcial immunogen, NPpolySA, and most patients at both dose levels produced IgG antibodies against NP-polySA as well. IgM antibodies from 9 of 9 patients at the 10 g dose level and 5 of 9 patients at the 3 g dose level cross-reacted with the actual SCLC antigen polySA, but none of the IgG antibodies reacted with polySA. The IgM antibody response against both NPpolySA and polySA were signiWcantly higher in the 10 g dose level group than the 3 g dose level group. In most cases, these antibody responses against polySA detected by ELISA also reacted with polySA as it is naturally expressed on the cell surface of SCLC cells. Cell surface reactivity was detected in 5 of 6 patients in our previous trial at the 30 g dose level and in the trial described here in 6 of 9 patients at the 10 g dose level and 3 of 9 patients at the 3 g dose level. Based on these Wndings we have selected a dose level of 30 g of NP-polySA for inclusion in our polyvalent KLH conjugate vaccine against SCLC.
As we have previously described [11] , complement lysis of tumor cells was not induced by these antibodies in the presence of human complement. This is attributed to the great distance from the cell surface that complement is activated when antibodies bind to polySA. It is not a consequence of the two target cell lines being resistant to CDC because the same target cell lines are readily lysed by antibodies against GM2, fucosylated GM1, and globo H, other SCLC target antigens that are glycolipids and intimately associated with the cell membrane [21] . Binding of IgM antibodies to target antigens inevitably results in the activation of the complement cascade resulting in opsonization, activation of leukocytes and macrophages, and increased vascular permeability. These actions are thought to be at least as important in protection from tumor challenge in in vivo models [21] as complement mediated lysis so this does not necessarily reXect poorly on polySA as a target for cancer therapy. These antibodies were however bactericidal for group B meningococci where polySA is more intimately associated with the cell membrane.
We have incorporated NP-PolySA into a pentavalent vaccine that includes NP-PolySA and four glycolipids that are over-expressed in SCLC-fucosyl GM1, GD2, GD3, and globo H. These Wve antigens are among the most highly expressed antigens on SCLC biopsy specimens. A mixture of monoclonal antibodies against these antigens was highly reactive with all of the 10 SCLC cell lines tested [22] . The safety and immunogenicity of each of these Wve antigen-KLH conjugates has now been separately tested in humans, and each has demonstrated robust immunogenicity [16, [23] [24] [25] [26] . A clinical trial administering a pentavalent vaccine containing these Wve conjugates in patients with SCLC in complete or partial remission after chemotherapy is currently ongoing at MSKCC. Table 5 Toxicities felt possibly or deWnitely related to vaccination and occurring in more than one patient * Although this toxicity only occurred in one patient, it was included due to the severity NP-polySA-KLH + QS-21 (n = 18) 
